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The Nine- Year WMAP results combined with other cosmological data seem to indicate an en- 
hanced favor for the phantom regime, comparing to previous analyses. This behavior, unless reversed 
by future observational data, suggests to consider the phantom regime more thoroughly. In this work 
we provide three modified gravitational scenarios in which we obtain the phantom realization with- 
out the appearance of ghosts degrees of freedom, which plague the naive approaches on the subject, 
namely the Brans-Dicke type gravity, the scalar-Einstein-Gauss-Bonnet gravity, and the F(R) grav- 
ity, which are moreover free of perturbative instabilities. The phantom regime seems to favor the 
gravitational modification instead of the universe-content alteration. 



PACS numbers: 95.36. +x, 98.80.Cq, 04.50. Kd 

I. INTRODUCTION 

The recently announced Nine- Year Wilkinson Mi- 
crowave Anisotropy Probe (WMAP) results [l| indicate 
that the Equation of State (EoS) parameter of the dark 
energy wde, which is defined by the ratio of the pres- 
sure pde and the energy density /?de of the dark energy, 
wde = Pde/pde, might be less than —1. In particular, 
combined data from WMAP+eCMB+BAO+ff +SNc 
lead to 



wdeo 



-1.17 



+0.13 
-0.12 



(1) 



for a non-constant wde (wde = wdeo + w a (1 — a) 0, 0|), 
in a flat universe, at 68% confidence level. Note that the 
Seven-year WAMP+BAO+SNe results had correspond- 
ingly given wdeo = -0.93ijj;H !■ 

Similarly, for a constant wde in a flat universe, the 
Nine- Year WMAP+eCMB+BAO+ifo+SNe data lead to 



^'de 



i nszL+ - 063 



(2) 



This is the improved constraint, following the corre- 
sponding ones of w DE = -0.992±°°6i (WMAP+BAO 
+SNe) of the Five-year WAMP results @, and of 
i«de = -0.98^53 CWMAP+BAO+SNe) of the Seven- 
year WAMP results 

Observing the above sequence of results, we deduce 
that the increasing statistics, as well as the increased 
combinations of data, seem to lead to a small tendency 
towards the increasing favoring for the phantom regime. 
This can be also observed from the corresponding se- 
quence of results for a non-flat universe, as well as from 
different data combinations. 

On the other hand, the standard ACDM model gives, 
of course, u>de = — lj and models of canonical scalar 
fields lead to idde > — 1 [1]. If one desires to generate 
the wde < — 1 regime in a scalar field theory in the con- 
text of General Relativity he/she needs a ghost scalar, 
which leads to several inconsistencies, especially at the 
quantum level. However, the above discussion suggests 



that we should look at the phantom regime more thor- 
oughly, since eventually it may be the present state of the 
universe. In this letter we summarize briefly the consis- 
tent scenarios of describing the phantom regime, without 
the need of ghost degrees of freedom. 



II. SCALAR FIELD THEORY AS A MODEL OF 
DARK ENERGY 

For completeness, let us very briefly review on a scalar 
field 4> with a potential V(4>) as a scenario of dynamical 
dark energy 0, [|[ . Such a paradigm results from a scalar 
action of the form 



S = 




(3) 



and the dark energy sector is attributed to the scalar 
field. In particular, in a spatially flat Friedmann- 
Robertson- Walker (FRW) geometry 

ds 2 = -dt 2 + a{tf J2 ( dxl ) 2 > ( 4 ) 

i=l,2,3 



the scalar field energy density 
respectively given by 

p* = ^ + v(4>) , v<t> 



and pressure are 



= U 2 -V{<P), (5) 



and thus the dark energy Equation of State (EoS) pa- 
rameter Wtf, writes as 



= — 



cb 2 - V{4>) 



Xj2 
2 



P4> U 2 + V{4>) 



(G) 



Since usually we assume V{4>) > 0, we find > — 1 and 
therefore we straightforwardly deduce that the canonical 
scalar field §S§ cannot describe the phantom dark energy 
where the EoS parameter is less than — 1. In these lines 



2 



one could think of changing by hand the sign of the scalar 
kinetic term as 



which corresponds to the phantom scalar field [t|, since 
now the EoS parameter w v is given by 



UK 



V(<p) 



V(<P)' 



(8) 



which is less than — f . However, we should mention that 
the negative kinetic term and the violation of the Null 
Energy Condition implies that the energy is unbounded 
from below at the classical level, while negative norms 
appear at the quantum level 1 |l0| . The negative norm 
states generate negative probabilities which conflict with 
the usual interpretation of quantum field theory (for ex- 
ample in fllj the authors reveal the causality and sta- 
bility problems and the possible spontaneous breakdown 
of the vacuum into phantoms and conventional particles, 
arising from the energy negativity). In Appendix [Al we 
discuss the difference with the ghost appearance in quan- 
tum field theory. 

From the above it becomes clear that the consistent 
generation of the u>de < —1 regime must arise from 
scenarios that go beyond the General-Rclativity-based 
scalar field theory. 



III. BRANS-DICKE LIKE MODEL 

In this section we briefly show how the phantom regime 
may arise in a Brans-Dicke-type scenario [13], without 
the appearance of any ghost degree of freedom. In the 
following, for convenience, we define the effective (total) 
EoS parameter w Q s as 



W c ff 



-1 



2H 



(9) 



which proves very useful in scenarios where the separa- 
tion of the total energy density and pressure into mat- 
ter and modified gravitational contributions is difficult 
(w e s = ^dewde for a universe with dust matter). 
The action of the Brans-Dicke type model reads [13] : 



f 



S= d 4 xJ^ 



- ge ^{R-ld^d^-V^)} 



(10) 



with 7 the usual Brans-Dicke parameter and a a con- 
stant. Therefore, the action in the Einstein frame is given 
by the scale transformation 



9V = c a,p 9E^ , 



(11) 



and in the following the subscript E denotes the quanti- 
ties in the Einstein frame. Transforming the action (fpQl 
through (fTTj) we result to 



3a 2 
2 



V{4>)} 



(12) 



Thus, even if 7 is negative, in the case where + J > 
the effective kinetic energy of <j> becomes positive, sim- 
ilarly to the usual scalar field, and therefore the ghost 
does not appear. 

Let us provide a specific example, choosing without 
loss of generality the potential 



V{4>) = Voe*5 



(13) 



with constants Vq and 0o- In this case we find the solution 



H = — 



(a 2 + 7) 0o + 2a 
a 2 0o (a0 o - 1) t 



(14) 



where to is an integration constant. Then the effective 
EoS parameter w e g from Q writes as 



W c ff 



2a 2 (f> (a(f)Q - 1) 
3 [(a 2 + 7) 0o + 2a] 



(15) 



Thus, w e s can indeed lie in the phantom regime if we 
choose, for example, 0o > 0, a0 o > 1 ana 7 > 2 . We 
mention here that the above phantom realization is even 
more strong than what needed, since not only the dark 
energy sector is phantom- like (wde < — 1), but the total 
one jo e ff lies in the phantom regime too. 

In summary, the Brans-Dicke type model at hand can 
generate a phantom universe, without the presence of a 
ghost degree of freedom. We stress that this behavior is 
not spoiled at the perturbation level, that is the scenario 
is free of perturbative instabilities [l2( . 



IV. GAUSS-BONNET GRAVITY WITH A 
NON-MINIMAL SCALAR FIELD 

Another scenario in the context of modified gravity 
that may lead to the realization of the phantom regime 



1 In order to define the ground state, the energy of the quantum 
system is indeed bounded from below, but there always appear 
negative norm states, which conflicts the requirement of unitar- 
ity. 



2 In the case of the phantom realization the present universe cor- 
responds to negative cosmological time t. 
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without a ghost, is the scalar-Einstein-Gauss-Bonnct 
gravity [HI, [l4| , which is motivated by string theory. The 
starting action writes as 



S = Id x-\/—g 



2k 2 2°' 



(16) 

where Q is the Gauss-Bonnet combination and £(</>) a 
non-minimal coupling function. Variation of the action 
(fT6|) with respect to the metric g pv provides the field 
equations as follows: 



In this case we find that 



v ti 

fo 

t? 
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154 



27 



7884800 



J.2 2 



(21) 



In summary, the scalar-Einstein-Gauss-Bonnct gravity 
can realize the phantom regime without a ghost. Finally, 
note that this scenario is free of instabilities at the per- 
turbation level 1131. 



K 



_ Rfl v 



-g^V{<j>) + 2 [VVeW] i? - 2gT [V 2 C(0)] i? 



- 4 [v p v^(^)] ^ - 4 \y P v ztf)] r w 

+ 4 [V 2 £(0)] + [V p V CT £(0)] i? pCT 
+ 4 [V p V CT £(0)] • 



(17) 



V. F(R) GRAVITY 

In this section, we consider the phantom realization 
in the context of F(R) gravity (see [i~5l - fl8| and refer- 
ences therein). In such a modified gravitational theory 
the scalar curvature R in the Einstcin-Hilbcrt action is 
replaced by an appropriate function F(R): 



Note that in equation (jl7|) the derivatives of curvature, 
such as Vi?, do not appear, and therefore derivatives 
higher than two do not appear either, which is in contrast 
with a general aR 2 + PR^W" + "iR pvpa R^ vpa gravity, 
where fourth derivatives of g pu appear. Thus, when we 
treat the system classically, by specifying the values of 
g pv and g pu on a space-like hyper-surface as initial con- 
ditions, the time evolution is uniquely determined. This 
situation is similar to the initial conditions in classical 
mechanics, in which one only needs to specify the val- 
ues of position and velocity of the particle. On the other 
hand, in a general aR 2 + ^R^R^ +jR pupa R fJ -" p ' 7 grav- 
ity, one needs to specify the values of g pv and 9 pv m 
addition to those of g pv , g pv , in order to obtain a unique 
time evolution. 

As a specific example we consider the string-inspired 
model 11311 



_ 20_ 

V = V e *o 



(18) 



Imposing the FRW universe ((4]) and assuming that the 
Hubble rate is given by H = ho/t, the metric equation 
(fT7|) and the scalar field equation derived from (Q~6|) give 
the following algebraic equations: 



v ti 



moh 2 
t 2 



K 2 (l + h Q ) 



3/1 2 , (1 - ho) 



5h ) 



6 



(1 + ho) 



h 



(19) 
(20) 



Since ho is determined at will by suitably choosing Vo and 
£o, we can obtain a negative ho, and therefore the effec- 
tive (total) EoS parameter in ([9]) becomes less than —1, 
that is w e g = — 1 + 2/(3h ) < — 1, which corresponds to 
an effective phantom realization. As a numerical exam- 
ple we may choose ho = —80/3, which gives w — —1.025. 



'F(fl) 



d 4 a 



F(R) 



2k 2 



(22) 



Alternatively, one can formulate F(R) gravity in the 
scalar-tensor framework. By introducing the auxiliary 
field A, the action (l2"2l is rewritten as 



/ d± x J—g{F\A) (R-A)+ F(A)} . (23) 



Since variation with respect to A gives A = R, substitut- 
ing A = R into the action ([23]) reproduces the action (|22|) . 
On the other hand, rescaling the metric as g pv — > e° g pv 
with a = — hiF'(A), the action in the Einstein frame is 
obtained as follows: 



Se = 



where 



1 

2^ 



d i Xy/~g 



R - ^dpodco - V(a) 



V(a) 



A 



e 2a F 



9 (e 



0) 



F(A) 
~F'(A) F'(A) 2 



(24) 



(25) 



Here the function g (e~ (7 ) is obtained by solving the equa- 
tion a = — lnF'(A) in the form of A = g(c~ a ). From 
expression (|M|) we deduce that there does not appear 
ghost degrees of freedom in F(R) gravity, which is differ- 
ent from the general higher derivative gravity, with the 
exception of the scalar-Einstein-Gauss-Bonnet gravity of 
the previous section. 

As a specific example we consider the ansatz F(R) oc 
foR m - In this case the scenario at hand accepts the so- 
lution 



(m-l)(2m-l) 



H 



(26) 
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which inserted into ([9]) leads to effective EoS parameter 
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Wcff 



6m — 7 m — 1 
3(m- l)(2m - 1) 



(27) 



Thus, when m > 2 or 1 > m > 1/2, we obtain w c g < 
— 1. Compared with the Einstein-Hilbcrt term, the R m 
term dominates if m > 2 when the curvature is large 
and if 1 > m > 1/2 when the curvature is small. Then 
the case m > 2 might describe the inflation in the early 
universe and the case 1 > m > 1/2 might correspond to 
the accelerated expansion of the present universe. 

In summary, the phantom regime can be realized in 
F(R) gravity without ghost degrees of freedom, and the 
scenario is free of perturbative instabilities fl8| . 



VI. CONCLUSIONS 

The Nine- Year WMAP results combined with other 
cosmological data [l[ seem to indicate an enhanced favor 
for the phantom regime, comparing to previous analy- 
ses. This exotic phase cannot be obtained in the Stan- 
dard Model of the Universe (ACDM), or in a General- 
Relativity-based scalar field theory, and therefore the 
above observational results suggest to consider the phan- 
tom regime more thoroughly. Clearly, easy descriptions 
such as the consideration of a by-hand negative kinetic 
energy of the scalar field cannot lead to consistent so- 
lutions, since the corresponding scenarios would break 
down at the quantum level. 

Therefore, it seems reasonable that the realization of 
the phantom regime without the appearance of ghost 
degrees of freedom would need a form of gravitational 
modification. In this letter we provided three different 
scenarios in which this is in principle possible, namely 
the Brans-Dicke type gravity, the scalar-Einstcin-Gauss- 
Bonnet gravity, and the F(R) gravity. Furthermore, 
these scenarios are free of instabilities at the perturba- 
tion level, which is a necessary condition for their valid- 
ity and serious consideration (see Appendix [B] for some 
comments on this). Obviously, one should proceed fur- 
ther, investigating the corrections to the Newton law, 
performing the PPN analysis [l9[ etc, in order to en- 
sure that these scenarios are consistent with the more 
accurate solar-system and experimental data. Such an 
analysis could provide additional conditions, in order for 
the above models to be more realistic (see [18[ for general 
properties of the above constructions) . 

The increasing favoring of the phantom regime, as long 
as it will not be reversed in the future combined obser- 
vational dark-energy constraints, may serve as a strong 
indication towards gravity modification, in a similar way 
that the (non-phantom) universe acceleration established 
the cosmological constant in standard cosmology. 
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Appendix A: Ghost and negative norm state in 
quantum field theory 

In classical field theory the energy density of the ghost 
field is unbounded from below. Then one could say that 
if any ghost field exists then the vacuum will decay to a 
pair-creation of the ghost particles. As long as we know, 
of course, no ghost field has been discovered in nature. 
The ghost fields, however, appear in unphysical sectors 
in gauge theory, string theory, etc, when we quantize 
the system Lorentz-covariantly. In these field theories 
the energy is surely bounded from below and therefore 
the vacuum never decays. Additionally, apart from of 
the unbounded energy, the ghost field generates negative 
norm states. These negative states are combined with 
the states generated by the unphysical modes, like the 
longitudinal mode, and eventually only positive and zero 
norm states app ear in the physical space defined by the 
BRS charge [20| ■ If the negative norm states could appear 
in the physical space then negative probability would be 
generated, which conflicts with the Copenhagen interpre- 
tation of the wave functions ip corresponding to quantum 
states, where the norm tjj'ip of the wave function can be 
regarded as a probability. 

As a simple example, we consider the system composed 
by the oscillating modes {o^}, {c n }, and {b n } of the 
string coordinates in d dimensions, ghost, and anti-ghost 
respectively. Here [i, = 0, 1, 2, ■ ■ • , d — 1 and n is an in- 
teger, but we now omit the zero modes corresponding 
to n = since these modes are irrelevant in the argu- 
ments here, although they have rich structures in string 
theories. The hermiticities of these oscillating modes are 
assigned as follows: 



a 1 



it 



bl = 6_ r 



(Al) 
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These oscillating modes satisfy the following (anti-) com- 
mutation relations: 



[a M a 1 



™f V S ,n+m I {bn, Cn} = nS ,n 



+m 



(A2) 



with [ , ] and { , } denoting commutator and anti- 
commutator, respectively. 

The Hamiltonian H is given by 




Ct-n a n + b-nCn + C- n b n > , (A3) 



H 



and the commutation relations between the Hamiltonian 
H and the oscillating modes are given by 



[H, c n ] 



nc n , [H, b n ] = -nb n . 

(A4) 

Therefore if we define the vacuum state |0) by 



a„|0> 



|0) = b n |0) = 



(A5) 



for positive n, the energy in the Fock space given by 
multiplying the vacuum state |0) with {a^}, {c„} and 
with negative n is positive semi-definite. 
At this point we should mention that there appear neg- 
ative norm states. Firstly we may assume that the vac- 
uum state has positive norm and that it can be normal- 
ized to be unity (0|0) = 1. If we consider the following 
states, for example, 



\n,a°) 
In, b — c) 



m 
1 



°-n 10} 

(&_ n -c_„)|0) 



then these states have negative norms: 
(n, a \n, a ) = (n, b — c\n,b — c) 



1 



(A6) 



(A7) 



However, note that these negative norm states only ap- 
pear as a combination of the zero norm states in the phys- 
ical space defined by the BRS charge [2l[ (see [22[ for the 
case of superstrings based on Neveu-Schwarz-Ramond 
Model). 

In summary, in the known framework of quantum field 
theories there can appear negative norm states, but the 
energy of the system, including ghosts, is positive semi- 
definite. Thus, the vacuum never decays in quantum field 
theory. 



Appendix B: Ghost in higher derivative models 

We now briefly show that higher derivative construc- 
tions contain ghost in general. As an example we may 
consider the following model: 

S = J d 4 aV^(D0) 2 , (Bl) 

where cf> is a scalar field and □ is the d'Alembertian. By 
introducing an auxiliary field Cj the action (|B1I) can be 
rewritten in the following form: 



/ d 4 xV=g (2C 2 - (n<i>) 

d^x^—g (2C 2 + d^cf) 



By defining new fields ip± by 



V2 ' r V2 
the action is further rewritten as 



(B2) 



(B3) 



+ 



(B4) 



which implies that ip+ is a ghost. 

However, in suitably constructed hig her derivative sce- 
narios, such is the Galileon one [23], the background 
equations of motion do not contain higher than second 
derivatives, and thus ghost do not appear at this level. 
But this is not a proof that ghosts cannot appear by 
the canonical formalism (it is a necessary but not suffi- 
cient condition), since they can appear at the perturba- 
tion level, directly or indirectly (as supcrluminal prop- 
agation). This proves to be the case in Hofava-Lifshitz 
gravity (24j as well as in non- linear massive gravity [25| . 

Therefore, we deduce that the complete investigation 
of the ghost subject is a crucial requirement for the accep- 
tance of a theory, especially if it allows for the phantom 
realization. We thus stress that not all higher deriva- 
tive theories lead to the appearance of ghosts, and as we 
have shown F(R) or Gauss-Bonnet gravity do not con- 
tain ghosts at the background or perturbation levels. 
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